The bacterial pathogen Pseudomonas viridiflava possesses two pathogenicity islands (PAIs) that share many gene homologs, but are structurally and phenotypically differentiated (T-PAI and S-PAI). These PAIs are paralogous, but only one is present in each isolate. While this dual presence/absence polymorphism has been shown to be maintained by balancing selection, little is known about the molecular evolution of individual genes on the PAIs. Here we investigate genetic variation of 12 PAI gene loci (seven on T-PAI and five on S-PAI) in 96 worldwide isolates of P. viridiflava. These genes include avirulence genes (hopPsyA, and avrE), their putative chaperones (shcA and avrF), and genes encoding the type III outer proteins (hrpA, hrpZ and hrpW).
effector locus or EEL), and the 3' effector locus (conserved effector locus or CEL). The S-PAI, on the other hand, has a single component hrp/hrc cluster with a 10kb-long insertion. The two PAIs are integrated at different locations in the P. viridiflava genome, and both islands are segregating for alleles in which the entire island is deleted ( Figure   1 ). Extensive surveys of P. viridiflava isolates from worldwide collections have identified only two combinations, each containing one of the two islands (i.e., [T-PAI,
∇S-PAI] and [∇T-PAI, S-PAI]). Several lines of evidence indicate that this dual
presence/absence polymorphism has been maintained by balancing selection.
Furthermore, the [T-PAI, ∇S-PAI] and [∇T-PAI, S-PAI] isolates exhibit virulence differences (ARAKI et al. 2006). [T-PAI, ∇S-PAI] isolates elicit a rapid defense
response known as the hypersensitive response (HR) in A. thaliana significantly more slowly than [∇T-PAI, S-PAI] isolates, whereas they elicit an HR in tobacco significantly more quickly than the [∇T-PAI, S-PAI] isolates. This functional differentiation of PAIs is required for selection to maintain this unusual dual haplotype configuration as a polymorphism. Why the entire PAI, rather than a particular effector gene on it, has been selected as a unit has been unclear, and how individual genes on the PAI evolve remain unanswered.
To address these questions, we investigate molecular evolution in 12 PAI gene loci (seven on T-PAI and five on S-PAI) in P. viridiflava. These loci include five genes shared by the two PAIs (avrE, avrF, hrpA, hrpZ, hrpW ; designated as avrE [S] , avrF [S] , hrpA [S] , hrpZ [S] , hrpW [S] on S-PAI and avrE [T] , avrF [T] , hrpA [T] , hrpZ [T] and hrpW [T] on T-PAI) as well as two T-PAI specific genes (hopPsyA [T] and shcA [T] ) (Figure 1 ).
hopPsyA and shcA encode an Avr protein that elicits a HR on tobacco and its putative chaperone, respectively (ALFANO and COLLMER 1997; VAN DIJK et al. 2002) . avrE encodes a known Avr protein that elicits HR on tobacco and soybean plants (LORANG and KEEN 1995) . avrF is putatively an AvrE-specific chaperone (BOGDANOVE et al. 1998) , and might be required for efficient delivery of AvrE (HAM et al. 2006) . A potential role of AvrE as a suppressor of basal immunity and promotion of host cell death is reported (DEBROY et al. 2004) . hrpA, hrpZ and hrpW encode outer proteins involved in the type-III secretion system. hrpA encodes the pilus, which plays a key role in the secretion of Avr and other type-III effector proteins and is subject to natural 6 selection in P. syringae (JIN and HE 2001; GUTTMAN et al. 2006) . hrpZ and hrpW encode harpin proteins PRESTON et al. 1995) , which also elicit HR in the apoplast (in contrast to Avr proteins that elicit HR in plant cells, WEI et al. 1992; HE et al. 1993) . These genes, therefore, are likely to be involved in the Arabidopsis-P. viridiflava interaction, and hence subject to natural selection.
Considering the range of putative functions of these gene products, however, the types and degrees of selective pressures on these genes might vary. Thus, one might expect that these PAI genes evolve in an independent fashion subject to different selective pressures (e.g., negative or positive selection). An alternative hypothesis is that the balancing selection on the presence/absence polymorphisms for the entire PAIs overcomes the selective pressure on each PAI gene. In this case, one would expect that these genes evolve in concert.
We used 96 bacterial isolates collected mostly from A. thaliana leaves in worldwide populations, including the same isolates as previously investigated (GOSS et al. 2005; ARAKI et al. 2006) . P. viridiflava consists of two genetically differentiated clades, A and B (GOSS et al. 2005) . Both T-and S-PAI isolates are present in clade A but only S-PAI isolates have been identified in clade B. We therefore analyzed genetic variation and molecular evolution of the 12 loci for each of the three groupings: seven (Figure 1 ). Our results suggest that these loci have evolved relatively freely from other genes on the same PAI, despite the fact that they are located on genetic islands and that the entire PAIs are under balancing selection.
MATERIALS AND METHODS

Samples
Ninety-three isolates out of the 96 investigated here are described in GOSS et al. (2005) . Eighty-three of them were isolated from A. thaliana plants, and the remaining 10 were isolated from other weedy plant species alongside A. thaliana. Three additional isolates included in this study -LU1.1a and LU18.1a (from Lund, Sweden) and 7 KY12.1d (from Kyoto, Japan) -were isolated from A. thaliana plants. The PAI presence/absence genotype was identified by PCR (see ARAKI et al. 2006 for details) .
In this manner, 10 isolates were identified as [AT] , 57 were identified as [AS] and 29 were identified as [BS] .
Sequence data analyses and the tests of selective neutrality
Sequences of the seven PAI genes were obtained by direct PCR and sequencing using the same conditions as those described in ARAKI et al. (2006) . Primers for the PCR are listed in Supplemental Table 1 . Primer annealing temperatures were between 55° and 60°. Sequences of hrpW [T] from three isolates (LU5.1a, LU9.1e, and PT220.1a) and hrpW [S] from four isolates (KNOX230.1a, ME751a, ME753a, and ME756a) were eliminated from the following analyses because we could obtain only partial sequences.
Sequences were edited by Sequencher v.4.1.2 (Gene Codes Co, Ann Arbor MI). After editing, sequences were aligned by CLUSTAL X (THOMPSON et al. 1997 ) with minor manual adjustments. Reference sequences for alignments were obtained from Genbank online database as follows: P. viridiflava LP23.1a, PNA29.1a and P. syringae pv. tomato (Pto) DC3000 for T-PAI, and P. viridiflava ME3.1b, RMX23.1a, RMX3.1b and P. cichorii 83-1 for S-PAI (ARAKI et al. 2006) . Polymorphism and divergence surveys, selective neutrality tests, and a permutation test for genetic differentiation with 10,000 replicates were performed using DnaSP v4.00 (ROZAS et al. 2003) . Neighbor-joining (NJ) trees (SAITOU and NEI 1987) were constructed by MEGA2.1 (KUMAR et al. Kimura's two-parameter model (KIMURA 1980) , the multilocus HKA test was conducted using the HKA program (available from http://lifesci.rutgers.edu/~heylab/HeylabSoftware.htm#HKA) with 10,000 simulations, the minimum recombination number was estimated utilizing methods in HUDSON and KAPLAN (1985) and MYERS and GRIFFITHS (2003) . Frequent recombination was further tested by runs test using GENECONV v. 1.81 (based on global permutation test after multiple-comparison correction, see SAWYER 1989). isolates. An Avr gene homolog, hopPsyA [T] , and its putative chaperone, shcA [T] , were located in the EEL region in the T-PAI, but is not present in the S-PAI. The avrE [S] , avrF [S] and hrpW [S] were located in the 10kb-insertion in both [AS] and [BS] , whereas homologs of these genes (avrE [T] , avrF [T] and hrpW [T] ) were found in the CEL region in [AT] isolates. Both hrpA and hrpZ occupied adjacent locations in the hrp/hrc cluster in both T-PAI (hrpA [T] and hrpZ [T] ) and S-PAI (hrpA [S] and hrpZ [S] ).
2001) using
RESULTS
Physical Organization and Structural Evolution
In the EEL region on the T-PAI, hopPsyA [T] and shcA [T] were located adjacent to one another and shared the same orientation in all 10 [AT] isolates. The consistent gene composition and gene orientation of these genes among P. viridiflava isolates contrasts to those in P. syringae. Among P. syringae pathovars, the EEL region is hypervariable both in gene composition and in gene orientation, which suggests frequent HGTs and genetic exchanges (ALFANO et al. 2000; CHARITY et al. 2003; DENG et al. 2003) .
Indeed, phylogenetic analysis of hopPsyA and shcA among P. viridiflava and P. syringae isolates revealed that the genes in P. syringae isolates are split into two distantly related clades (Group X and Y in Figure 2A ). The nucleotide sequences from P. viridiflava cluster together and are closely related to the P. syringae group-X. This pattern was confirmed using several phylogenetic methods including the maximum parsimony and the UPGMA methods (data not shown). Interestingly, all gene homologs in P. syringae group-X share the same gene orientation as those in P. viridiflava, whereas those in P. syringae group-Y have the opposite gene orientation. These results are consistent with the HGT of these two members of the EEL; horizontal transfer of the EEL region is further supported by the presence of tRNA Leu in its 5' end and its low G+C% in Pseudomonas (CHARITY et al. 2003; ARAKI et al. 2006) . The data do not allow us to ascertain the direction or source of the HGT event, however. In the hrp/hrc cluster, on the other hand, no sign of HGT was found. Even the genealogy of partial sequences (175bp) in hrpK [T] , a gene in the hrp/hrc cluster next to hopPsyA [T] and shcA [T] in P.
viridiflava, was consistent with the phylogeny of these species ( Figure 2B ). This result suggests that the hrp/hrc cluster is not included in the potential HGT of the EEL region, confirming previous reports in P. syringae (SAWADA et al. 1999; ALFANO et al. 2000; CHARITY et al. 2003) .
The hrp/hrc gene cluster is composed of genes encoding the type III proteinsecretion apparatus. In the hrp/hrc gene cluster, hrpZ and hrpW encode harpin proteins, defined as glycine-rich, cysteine-lacking proteins that are secreted by the type III secretion system (TTSS) and that possess heat-stable HR elicitor activity (WEI et al. 1992; HUANG et al. 1995; CHARKOWSKI et al. 1998) . HrpZ in P. viridiflava shares these features of amino acid sequences, containing no cystein-coding codons and 42-46 out of 314-337 glycine-coding codons. HrpW in P. syringae is composed of two domains; the harpin domain in the 5' half and the pectate lyase domain in the 3' half . This structure was also found in P. viridiflava, and no cysteine-coding codon was found in hrpW in this species. However, the harpin domain is quite variable among groups in P. viridiflava (average π within species is 0.27 and 0.11 for synonymous and nonsynonymous sites, respectively), and the number of glycine-coding codons varies substantially even among isolates in the same group on the other hand, is less polymorphic and amino acid sequence is well conserved both between species and between T-PAI and S-PAI in this domain (Average π within species is 0.21 and 0.04 for synonymous and nonsynonymous sites, respectively). While the harpin domain in HrpW is known to be under positive selection in P. syringae (ROHMER et al. 2004) , the functional and evolutionary significance of variable numbers of glycine-coding codons in this domain needs to be further addressed in P. [T] among [AT] and in hrpA [S] among [BS] isolates. hrpA [S] 
viridiflava.
Level of Polymorphism within Lineages
Genetic Divergence
Genetic divergence of the PAI gene homologs among groups in P. viridiflava and between species (P. syrinage for T-PAI and P. cichorii for S-PAI, ARAKI et al. 2006 ) is shown in Table 2 (Table 1) . Regardless, these are impressively large numbers, especially given the fact that this conservative method identifies only a small fraction of the actual recombination events in the history of a sample (HUDSON and KAPLAN 1985) . The majority of the recombination events was detected within avrE in both PAIs, the largest gene locus in each PAI (>5kb, Figure 1 ).
Qualitatively similar results were also obtained by different methods (SAWYER 1989; MYERS and GRIFFITHS 2003) (Table 3) . These results are consistent with those of 12 GOSS et al. (2005) , in which a high rate of recombination is reported among genomewide, background loci in this species. The large numbers of recombination events within the small genomic islands (< 30kb each) found in this study provide further evidence of the high recombination rate in this species.
Between T-PAI and S-PAI, on the other hand, the large genetic divergence (Table 2, Figure 3 ) suggests that paralogous recombination (i.e., gene conversion) is inefficient in exchanging the nucleotide sequences between the two.
Tests of selective neutrality
We investigated the compatibility of polymorphism and divergence patterns with selective neutrality by applying statistical tests based on: (1) allele frequencies (TAJIMA 1989; FU and LI 1993) The HKA test is a conservative test of neutrality that asks whether polymorphism levels across loci are compatible with neutral evolution, taking into account possible functional constraint or mutation rate differences between the loci. This test, and the MK test below, is best applied using divergence data between species (or clades) that are closely related in order to avoid complications due to multiple substitutions at individual nucleotide sites. In our data, generally large genetic diversities between species and between T-and S-PAI (D xy > 1, [S] ]) detected departure from selective neutrality.
The ratio of synonymous and replacement substitutions between species (or clades) can be compared with the same ratio for polymorphisms within a species (or a 13 clade) as a test for adaptive protein evolution (MCDONALD and KREITMAN 1991) .
As above, we restricted the application of this test to protein evolution within and between [AS] and [BS] PAI genes (Table 4) . Of the four genes that could be tested (avrE [S] , avrF [S] , hrpZ [S] , hrpW [S] ), the MK test detected a significant departure from selective neutrality (in the direction of adaptive protein evolution) for avrE [S] (p = 0.035). The avrF [S] has a shorter coding region and many fewer substitutions than avrE [S] , and showed no sign of positive selection between [AS] and [BS] in avrE [S] , we performed a sliding window analysis (Figure 4) . A high level of genetic divergence between [AS] and [BS] was found in the first 1kb of avrE [S] . Similar distributions of replacement substitutions were found among other comparisons of avrE
(between species and between T-PAI and S-PAI), and even between [BS] isolates from different geographic regions (data not shown).
A less conserved amino acid sequence of the first half of avrE is reported between P. syringae and Erwinia amylovora (BOGDANOVE et al. 1998) , indicating that the highly variable N-terminal of AvrE protein is common in plant pathogens. Whether the elevated genetic divergence is due to positive selection or an absence of selective constraint in this region is not clear, but
Fu and Li's D* and F* showed significant deviation from the selective neutrality in a window of 392-503bp (from the start codon, D* = -2.35, F* = -2.46, p < 0.05) when we examined avrE [S] in [BS] with an outgroup from [AS] . This window was one of three windows that showed significant departure from neutrality both by D* and F* (all negative, Figure 4) , and no significant departure was detected by these statistics when we examined avrE [S] Although we could not carry out a MK test for hrpA, this gene is highly differentiated between [AT] and Pto DC3000, and between T-and S-PAI (Table 2 ). The K a /K s ratio of hrpA in these comparisons is also moderately high (see below).
The leucine-rich repeat domain of R proteins in A. thaliana and other plant species, which is generally believed to encode protein recognition sites, can evolve rapidly, with 14 nonsynonymous: synonymous substitution ratios (K a /K s ) exceeding one (reviewed in BERGELSON et al. 2001) . To examine whether Avr proteins have similarly fast rates of evolution, we calculated the K a /K s ratios for the seven genes (Table 5) 
DISCUSSION
The main goal of this study was to explore how genes involved in pathogencity have evolved on two PAIs that have already been determined to be under balancing selection in P. viridiflava. Three principle results emerged from our analyses: (1) the levels of genetic variation varied among the PAI genes, but were in a range of genetic variation observed in the background; (2) substantial numbers of recombination events were detected within each PAI; (3) there was no statistical evidence for positive selection in most of the PAI genes, with the exception of avrE. Our results, considered jointly with those previously reported in ARAKI et al. (2006) , suggest that two different levels of selection need to be considered. At the PAI level as a whole, two distinct systems of presumably coevolved loci (T-and S-PAI) are maintained by balancing selection, most likely because of their virulence differences and host specificities (ARAKI et al. 2006) . On the other hand, the extensive reshuffling of polymorphism within each PAI by homologous recombination indicates that the entire PAI is not evolving as a single linkage block in P. viridiflava. Rather, there appears to be considerable independence in the genealogical histories of individual loci and ample opportunity for simultaneous adaptive evolution of constituent PAI genes. That the components of the enteroocyte effacement island in Escherichia coli are, at best, weakly coupled in their evolution, has similarly been reported (CASTILLO et al. 2005) .
Functional Significance of the PAI Genes
The functional significance of the genes investigated is largely unknown in P.
viridiflava. However, several lines of evidence indicate that the PAI genes investigated here are functional. First, no frameshift or null mutations were observed in any of the coding sequences of these genes in any of the sample of 96 isolates. Second, nonsynonymous rates of evolution are uniformly lower than the corresponding synonymous rates across all within and between species comparisons, and are therefore entirely compatible with selective constraints on amino acid substitutions. Together, the lack of frameshifts and the relatively low nonsynonymous substitution rates are solid indicators of protein functionality.
In addition, a TTSS-specific promoter domain, hrp-box, was found to be conserved among the PAIs. The hrp-box was originally defined as GGAACC-N 15 or 16 -CCACNNA in P. syrinage (XIAO and HUTCHESON 1994) . The hrp-box has been found in the 5'-flanking regions of many TTSS-related genes in a broad range of plant pathogens, allowing some redundancies (ARNOLD et al. 2001; RANTAKARI et al. 2001) . In P. viridiflava, we identified 12 hrp-boxes in the T-PAI and nine in the S-PAI (Supplemental Table 2 ). Hrp-box sequences were identified for seven of the 12 loci (avrE [T] , avrE [S] , avrF [S] , hrpA [T] , hrpA [S] , hrpW [T] and hrpW [S] ) in all the isolates investigated in P. vidiflava. For the other five loci (avrF [T] , hrpZ [T] , hrpZ [S] , shcA [T] , and hopPsyA [T] ), we did not find hrp-boxes, but these genes may belong to operons in which the promoters are located some distance from individual genes (as reported in P. syringae, ALFANO et al. 2000) . The identified hrp-boxes (Supplemental Table 2) show that the hrp-box is relatively well conserved among genes and lineages, in contrast to the high levels of genetic divergence in the coding regions between the paralogous PAIs.
This selective constraint on promoter sequences is another good indicator of functional expression of these genes.
Finally, we have shown that both T-PAI isolates and S-PAI isolates are capable of producing pilli when grown on inducing medium and induce the salicylic-acid mediated host defense pathway when grown in Arabidopsis (JAKOB et al. 2007) . While not definitive proof, this does suggest that the Type III secretion system in these isolates is operational in this species.
Evolution of PAI Genes in P. viridiflava
We found a potential HGT of hopPsyA and shcA between P. syringae and P.
viridiflava. We cannot determine a specific route of the HGT by this genealogy alone because there are many possible ways to end up with the observed genealogy ( Figure   2A ). This is especially true if we take possible HGT(s) from uninvestigated species into consideration. If we assume a single HGT between P. viridiflava and P. syringae, however, Figure 2A suggests that the HGT did not occur very recently because the level of genetic divergence in these genes is high even between P. viridiflava and P. syringae group-X (D [P. viridiflava-group X] = 0.227). The extensive variation in the gene repertoire in the EEL region in P. syringae (ALFANO et al. 2000; CHARITY et al. 2003; DENG et al. 2003) , which contrasts the uniform EEL gene composition in P. viridiflava, suggests that the HGTs are more likely to occur in P. syringae, rather than in P. viridiflava. It is still possible that the [AT] isolates acquired the observed EEL region relatively recently from an unknown species, but the moderate levels of genetic variation in hopPsyA and shcA comparable to those in the other genes among [AT] (Table 1) rather suggest the evolutionary stability of hopPsyA and shcA in P. viridiflava. More importantly, the genealogy of hrpK ( Figure 2B ) suggests no influence of HGT on the hrp/hrc cluster.
Thus, the extent of a HGT in P. viridiflava, if any, must be limited to the EEL region.
We found a sign of positive selection in avrE, which is one of two Avr genes investigated in this study. One possible cause of selection on this gene is its virulence function, suggested by VENISSE et al. (2003) and DEBROY et al. (2004) . According to DEBROY et al. (2004) , avrE in P. syringae functions as a suppressor of salicylic acidmediated basal defense, and amino acid changes in AvrE might affect this function. Our window plot analysis indicates the N-terminal region of AvrE is a good candidate of the target of natural selection.
hrpA [T] and hrpA [S] were nearly invariant within each locus but highly divergent between these paralogous loci (Table 1 and Table 2 ). Within each locus, the low levels of polymorphism in hrpA indicate strong selective or mutational constraints. Strong selective constraints for conserving the protein structure of HrpA might be reasonable, considering that hrpA encodes a pilus that functions as a conduit for Avr protein delivery (JIN and HE 2001) . However, hrpA in P. syringae is reported to be under diversifying selection (GUTTMAN et al. 2006) , suggesting that modifications in protein structure of HrpA can be adaptive in Pseudomonas. Indeed, unlike within each locus, hrpA is highly divergent between hrpA [T] and hrpA [S] and between species (Table   2 ). While our data did not allow us to effectively test the selective neutrality of hrpA, this pattern of genetic variation in hrpA (nearly monomorphic within each locus and highly divergent between loci) may be caused by positive selection for functional differentiation of HrpA between loci, followed by negative selection for conserving HrpA within each locus in P. viridiflava.
Evolutionary Significance of Phylogenetically Stable PAIs
Comparable levels of polymorphism in the PAI genes and the extensive shuffling of variation among orthologous genes is a hallmark of vertical gene transmission.
Horizontal transmission of foreign DNA into the PAI would introduce linked mutations on the allele in which the foreign sequence landed, but such an event would produce only one new haplotype. This would not be counted as a recombination event in the HUDSON and KAPLAN (1985) method, which requires the presence of all four possible combinations of two segregating sites (four haplotypes) to identify a recombination event. Thus, the results reported here are well consistent with the vertical gene transmission of the PAI genes in this species, as was reported in ARAKI et al. (2006) .
While there is sound evidence that the evolution of pathogenesis involves the acquisition of virulence related genes (including entire PAIs) via HGT (REID et al. 2000; BUKHALID et al. 2002) , some studies reported that PAIs have been retained within pathogen species over evolutionary time (e.g., ESCOBAR-PARAMO et al. 2003; GRESSMANN et al. 2005; ROHMER et al. 2004; NALLAPAREDDY et al. 2005) . We do not know why some PAIs are evolutionary stable whereas others are not, but our results provide one possible explanation: Unlike a PAI acquired via recent HGT, an evolutionary stable PAI can work as a large reservoir of preexisting genetic variation in this highly polymorphic species. It guarantees an immediate response to selection because the population does not have to wait for the next occurrence of a potentially adaptive mutation. Thus, the stable and polymorphic PAI may be favorable when rapid adaptive response is required. In addition, large population size (evidenced by the large standing crop of single nucleotide polymorphism) also increases the chance occurrence of a novel adaptive mutation in the population. Arrowhead represents location where at least one recombination event was detected by HUDSON and KAPLAN's R m (1985) , and a number below the arrowhead represent R m found within or between loci. The neighbor joining trees were constructed based on the nucleotide variations in the third codon-position in the combined coding sequences of hopPsyA+schA (1704bp) and the partial sequences of hrpK (175bp). The sequences in P. syringae were obtained from either CHARITY et al. (2003) or DENG et al. (2003) . Bootstrap probabilities (%) with 1000 replicates, which were higher than 80%, were represented on or below the major branch. The partial hrpK sequences in P. viridiflava were only available in LP23.1a and PNA3.3a (ARAKI et al. 2006) . Between species (orthologous) 29 
